Introduction
The generation of complex tissue structures is an important part of development. In many instances, tissues form through epithelial morphogenesis; that is, simple, flat epithelial sheets serve as starting materials that deform into three-dimensional structures. Developmental processes that occur through epithelial morphogenesis range from early embryonic events, such as gastrulation and neural tube formation, to later events, such as the formation of kidneys, lungs, or other mature organs.
At its simplest, epithelial morphogenesis involves a few distinct steps. First, morphogen gradients or other signals establish spatial information across the tissue. Next, cells interpret these spatial cues and differentiate into distinct cell types with specific gene-expression profiles. Finally, changes in tissue shape emerge from the collective effect of different cells expressing genetically determined behaviors and mechanical properties.
Epithelial morphogenesis is similar to origami (Zartman and Shvartsman, 2010) , since in both processes a two-dimensional sheet (of cells, or paper) is patterned (with gene expression patterns, or folds) to guide its transformation into a three-dimensional structure. However, epithelial morphogenesis is clearly more complex. For example, it enlists processes that have no analog in origami, such as cell division and cell-neighbor exchange. Furthermore, multiple iterations of patterning and morphogenesis can occur during the development of a single tissue, with each round affecting the starting conditions for the next. This complexity is one reason we still cannot answer the fundamental question: how would one pattern an epithelial sheet in order to generate a specific desired shape?
The Drosophila eggshell ( Figure 1A ) provides an attractive model system for studying epithelial patterning and morphogenesis, due to its relative simplicity and experimental tractability (Hudson and Cooley, 2014) . Each eggshell is produced by an individual egg chamber ( Figures 1B and 1C) , which consists of 15 germline-derived nurse cells, a single oocyte, and a surrounding follicular epithelium. The egg chamber is a self-contained unit that can easily be cultured in vitro (Cliffe et al., 2007; Dorman et al., 2004; Manning and Starz-Gaiano, 2015; Peters and Berg, 2016a; Prasad et al., 2007) . The development of an egg chamber proceeds through 14 stages (Spradling, 1993) ; during the stages in which the eggshell is formed (stages 10-14), there is neither cell division nor significant cell death among the follicle cells. Furthermore, relatively little feedback occurs from morphogenesis back to patterning (Yakoby et al., 2008a) .
The eggshell is formed during oogenesis by the columnar follicle cells, which initially surround the oocyte in a single-layered epithelial sheet ( Figure 1C ). The follicle cells secrete eggshell components apically, that is, into the space between the follicle cells and the oocyte itself, where they are crosslinked to form the mature eggshell (Waring, 2000) . Therefore, the shape of the eggshell directly reflects the final shape of the apical surface of the follicular epithelium, which acts as a mold. The apical surface of the follicular epithelium at stage 10 ( Figures 1B and 1C ) is shaped like half of an ellipsoid. It transforms into a full ellipsoid during stage 11, when the nurse cells transfer their contents through cytoplasmic bridges into the oocyte in a process termed nurse-cell dumping (Mahajan-Miklos and Cooley, 1994) . Building on this ellipsoid base, specific subpopulations of follicle cells form specialized eggshell structures. The most prominent eggshell structures, called the dorsal appendages or respiratory filaments, reflect the formation of two tubes in the follicular epithelium. The dorsal appendages are thought to facilitate gas exchange by the embryo in part by projecting above the substrate (for example, decomposing fruit) in which the developing egg is embedded; furthermore, when immersed in water, their porous material retains a layer of air that functions as a plastron to increase oxygen uptake (Hinton, 1960) . This review focuses on the formation of these structures.
Although the stage-10 egg chamber exhibits an elliptical shape, it did not always have that form. Early egg chambers are round, but beginning around stage 5 the egg chamber changes shape from a sphere into an ellipsoid with an elongated anterior-posterior axis. This process provides another system in which the conversion of gene expression to tissue shape is being actively studied. Strikingly, this shape change is partly due to a global rotation of the egg chamber cell mass within the surrounding extracellular matrix; the follicle cells remodel the extracellular matrix as they migrate on it, and the increasingly polarized extracellular matrix fibers constrict the egg chamber as it grows (Haigo and Bilder, 2011) . We direct the reader to several references for information on other molecular mechanisms implicated in this very interesting process (Cetera et al., 2014; Gates, 2012; He et al., 2010; Horne-Badovinac, 2014; Isabella and Horne-Badovinac, 2015; Lerner et al., 2013) . Other aspects of eggshell morphogenesis, including the formation of eggshell structures such as the micropyle and operculum, are also described elsewhere (Horne-Badovinac and Bilder, 2005; Levine et al., 2010; Montell et al., 2012; Wu et al., 2008) .
Introducing the Dorsal Appendage as a Model System
The biological processes underpinning dorsal-appendage formation are found in a wide variety of developing epithelial tissues. Therefore, insights gained from this system should be generally applicable. For example, patterning of the initially naive follicular epithelium into distinct cell types is initiated by morphogen gradients. As discussed below, cellular interpretation of these gradients is context dependent and requires integration of multiple pathways. Likewise, morphogenesis in this system exhibits many of the typical cellular behaviors found in other systems, including cell-neighbor rearrangements, apical constriction and other cell-shape changes, and cell migration. The only common epithelial behaviors missing from dorsal-appendage formation are cell division and cell death. Furthermore, dorsal-appendage morphogenesis offers the opportunity to study a simple but still truly three-dimensional system, unlike other popular models such as Drosophila ventral furrow formation or germband extension, which exemplify two-dimensional systems.
The dorsal appendage provides a well-developed model system for investigating tissue formation, as there exists a basic framework for understanding key processes, from initiating signals through shaping of the final structure. This framework includes (1) patterning of the follicular epithelium by signaling gradients; (2) translating these signals into gene expression patterns that specify the four major subtypes of follicle cells; and (3) converting these gene expression patterns into changes in tissue morphology. We review these topics below and discuss how studies of divergent drosophilid species have deepened our understanding of this system. Furthermore, we highlight how computational modeling has contributed to our understanding of all of these processes. To conclude, we compare eggshell formation with other developmental processes.
Patterning
One striking observation about metazoan development is that a small number of signaling pathways can generate an enormous diversity of cell types, all arranged in highly ordered spatial patterns (Gerhart, 1999; Pires-daSilva and Sommer, 2003) . Part of the reason so few signaling pathways are required for development is that activation of a single pathway can be interpreted in many different ways. Varying interpretations can be due to differences in signal amplitude; for example, uniform low levels of Decapentaplegic (DPP) promote wing disc growth in Drosophila, but the stripe of high expression in the center of the wing imaginal disc is essential for patterning rather than growth (Akiyama and Gibson, 2015) . Varying interpretations can also be due to differences in developmental timing or the identity of the cell receiving the signal; for example, Wingless (Wnt) signaling is required for cell-fate decisions throughout Drosophila development in tissues ranging from the embryonic epidermis to the wing imaginal disc (Swarup and Verheyen, 2012) . In addition, combinatorial signaling, or the integration of multiple pathways, is another well-established means to increase the information available to cells from limited numbers of signaling pathways. Combinatorial signaling is used repeatedly in metazoan development, from cell-fate specification to axon guidance (Briscoe and Small, 2015; Cornell and Kimelman, 1994; Flores et al., 2000; Morales and Kania, 2016) .
All of these mechanisms facilitate the patterning of the Drosophila follicular epithelium. Here we will review how signaling pathways are interpreted and integrated to establish specific cell fates, but we first describe the results of these patterning events. Central to our understanding of eggshell formation is the fate map detailing which follicle-cell populations form which eggshell structures (Dorman et al., 2004) . During mid-oogenesis, the follicle cells surrounding the oocyte can be classified into four types based on their eventual fates; these cell types and the structures they form are indicated by color coding in Figures 1D and 1E . Each dorsal appendage is formed from a primordium that contains two types of cells, the ''floor'' and ''roof'' cells, which form the floor and roof, respectively, of the appendage tube. The operculum (which facilitates larval hatching) and part of the micropyle (which allows sperm entry for fertilization) are formed by the ''midline'' cells, which are also called the ''operculum-forming'' cells. These cells are initially found in a continuous T-shaped domain that includes the region between the two appendage primordia and the anteriormost follicle cells. The remaining follicle cells, which we will call the ''body'' cells, produce the rest of the eggshell. Note that while this division of the follicle cells into four types is useful for describing dorsal-appendage formation, it is a simplification. For example, the body cells consist of at least three distinct cell types: the main body cells, which form the majority of the eggshell, along with the posterior terminal and polar cells at the posterior extreme (Horne-Badovinac and Bilder, 2005) . Furthermore, within a specific cell type, subpopulations exist with distinct gene expression profiles or cell behaviors (Boyle et al., 2010; Yakoby et al., 2008a) .
Each of the two appendage primordia consists of approximately 65 cells and is composed of two adjacent subdomains, the roof and the floor (Dorman et al., 2004; Ward and Berg, 2005) . Cells within each roof domain express high levels of Broad (Br; see Table 1 for Drosophila gene symbols), a Zn-finger transcription factor (Dorman et al., 2004) , and in fact, high levels of Br are sufficient for inducing some follicle cells to adopt a rooflike fate (Tzolovsky et al., 1999) . As a result, the question of how roof cells are specified can be restated as the question of how Br is regulated. We therefore begin by examining the molecular mechanisms regulating Br.
Patterning of the Br-positive roof domain results from the integration of three signaling events (Figure 2 ). The first event occurs early in oogenesis between stage 1 and stage 6, when the oocyte nucleus is positioned at the posterior extreme of the oocyte. Low levels of Gurken (Grk), a transforming growth factor a-like ligand, are synthesized near the oocyte nucleus and secreted by adjacent regions of the oocyte cortex; therefore, the Grk/epidermal growth factor receptor (EGFR) signaling in these stages is found in a posterior-to-anterior gradient ( Figure 2A ). One function of this early phase of Grk signaling is to prepattern the follicular epithelium, making the posterior part of the epithelium incapable of assuming an appendage-producing fate in response to a later inductive signal (Fregoso Lomas et al., 2013) . This posterior repression of the appendage cell fate is mediated by T-box transcription factors Midline (Mid) and H15, which are induced by the early phase of Grk signaling and which repress Br (Fregoso Lomas et al., 2013) .
The second signaling event, which occurs at approximately stage 10, also involves repression of appendage cell fate, this time by Dpp (Yakoby et al., 2008b) . Dpp is produced by the stretch cells (Peri and Roth, 2000; Twombly et al., 1996) , a population of squamous follicle cells that surround the nurse cells, creating an anterior-to-posterior gradient of Dpp signaling ( Figure 2B ). High levels of Dpp signaling in the anteriormost follicle cells repress brinker (brk), which encodes a transcriptional mediator of Dpp signaling that functions in multiple stages of fruit-fly development (Chen and Sch€ upbach, 2006; Shravage et al., 2007) . Brk is expressed in most follicle cells and is required for Br expression. Since brk expression is directly repressed by Dpp signaling in the anteriormost follicle cells, Br cannot be expressed in these cells (Charbonnier et al., 2015; Chen and Sch€ upbach, 2006; Shravage et al., 2007) .
The third and most crucial signaling event occurs just prior to and during stage 10. By this stage the oocyte nucleus has moved to the dorsal-anterior extreme of the oocyte, and so the Grk gradient is now highest there ( Figure 2C ) . At this stage, high levels of Grk induce midline cell fates, intermediate levels induce Br-positive roof fates, and cells exposed to the lowest Grk levels maintain their default body-cell fate (Goentoro et al., 2006; Pai et al., 2000) . In other words, ignoring the influence of the early Grk and Dpp signals discussed above, three domains are determined by distinct threshold levels of Grk. This observation poses two interesting questions: how is Br expressed specifically in response to intermediate levels of Grk at stage 10, and how can Grk signaling in the posterior at stage 6 repress appendage cell fate while Grk signaling in the dorsal anterior at stage 10 promotes appendage cell fate? Regarding the latter question, one difference in these signaling events is that early processes require only low levels of Grk signaling, while later processes involve higher levels of ligand; that is, weak loss-of-function mutations do not affect posterior patterning, only dorsal patterning (Sch€ upbach, 1987) . In addition, a recent study demonstrates that the different consequences of Grk signaling in the dorsal anterior versus the posterior follicle cells is due to the cooperative action of Grk with two additional signaling pathways: the Dpp pathway, which is activated in the anterior as discussed above, and the JAK/STAT pathway, which is activated by the ligand Unpaired in the posterior (Fregoso Lomas et al., 2016 (Astigarraga et al., 2007) . This removal relieves its transcriptional repression of mirr, which encodes a homeodomain protein that is essential for Br expression (Atkey et al., 2006) . Grk-induced repression of Br expression occurs through the ETS factor Pointed (Pnt). Pnt is expressed in response to the high levels of Grk signaling at the dorsal midline, where it then represses Br (Boisclair Lachance et al., 2009; Deng and Bownes, 1997; Morimoto et al., 1996) . With Br repression occurring at high levels of Grk and activation at intermediate levels, this feedforward mechanism readily explains why Br is expressed in dorsolateral follicle cells. Furthermore, this mechanism accounts for the results of multiple studies involving genetic perturbations of the levels of EGFR signaling and manipulations of Cic, Mirr, and Pnt (Simakov et al., 2012; Yakoby et al., 2008b) .
Currently it is less clear how the floor-cell domain is patterned. This domain consists of a single line of cells that express rhomboid and that lie at the dorsal-anterior border of the roof domain (Dorman et al., 2004) . Although rhomboid encodes a protease in the Drosophila EGF activation pathway (Urban et al., 2001) , it is not required for appendage patterning (Boisclair Lachance et al., 2009 ) and can be viewed simply as a floor-cell marker. Importantly, in a wide variety of genetic backgrounds affecting the shape or number of roof domains, the rhomboid-positive floor domain maintains its single-cell width and tracks the Br domain, remaining at its dorsal-anterior border (Ward and Berg, 2005) . The mechanisms responsible for the division of the appendage primordium into Br-and rhomboid-positive domains are still incompletely understood, although it is clear that Notch signaling is required (Ward et al., 2006) . Furthermore, Br represses rhomboid, which explains why the rhomboid marker is excluded from the roof domain (Ward et al., 2006) . At this point, we have a solid framework for understanding patterning of the dorsal-appendage primordia. As alluded to earlier, one interesting feature of this framework is the use of one signal, EGF, to elicit multiple different responses. Another interesting feature is the use of combinatorial signaling (including EGFR, DPP, JAK/STAT, and Notch) to establish distinct cell types. Within this framework, several questions remain. (1) Which transcriptional regulators remain to be identified? (2) What is the function of negative feedback regulators of EGFR signaling, including Argos, Kekkon-1, and Sprouty, which modify the core Br regulatory pathway (Ghiglione et al., 1999; Wasserman and Freeman, 1998) ? Do they affect interspecies variations in appendage patterning, as has been proposed (Boisclair Lachance et al., 2009; Zartman et al., 2009 Zartman et al., , 2011 What is the role of developmental time in patterning? For example, it is unknown why patterns of gene expression continue to change quite dramatically even after distinct cell types are established (Peters et al., 2013; Yakoby et al., 2008a) .
Morphogenesis
At its heart, tissue morphogenesis is a physical process, and in principle it should be possible to describe this process simply in terms of temporal and spatial distributions of forces and material properties. Although a small number of studies have introduced techniques for directly measuring these properties in vivo (Campà s, 2016) , most work on morphogenesis relies on more indirect techniques. Approaches to studying morphogenesis in a particular tissue begin with documenting and measuring celland tissue-level deformations. More detailed analyses include characterizing the localization of key molecular players, such as myosin II as a marker for force generation (Quintin et al., 2008) ; perturbing morphogenesis through genetic approaches or physical manipulations such as laser ablation (for example, Ducuing and Vincent, 2016; Kiehart et al., 2000) ; and compu- The tracings in these panels show the apical outlines of a patch of follicle cells, in their transformation from a flat primordium (A) to a fully formed, though not fully elongated, dorsalappendage tube (E). Color coding as in Figure 1 : blue is roof, red is floor, yellow is midline (operculum), and gray is body. For each time point, the left image shows a dorsal view while the right image is a view from below the appendage, i.e., a roughly ventral-anterior view. Of particular interest are the floor cells (also shown by themselves in red), which ''zip'' to form the two-cell-wide appendage floor. Adapted from Osterfield et al. (2015) .
tational modeling (Hashimoto et al., 2015; Wyczalkowski et al., 2012) . As described below, many of these approaches have been applied to studying dorsal-appendage morphogenesis.
Once the follicle cells have been patterned into different types, the appendage primordium begins its transformation from a flat patch of cells into a tube. The cell-shape changes mediating this transformation are fairly well characterized on the apical surface (Figure 3) . The roof cells apically constrict as the tube first begins to form, buckling the roof patch into a small dome (Dorman et al., 2004) . At the same time, the floor-cell domain twists underneath the roof domain, and the outer edges of the floor domain ''zip'' up to form a two-cell-wide floor of the tube (Osterfield et al., 2013) . As the tube extends anteriorly, the roof cells re-expand apically, with the expansion biased in an anterior/posterior direction (Peters and Berg, 2016b), and undergo convergent extension (Ward and Berg, 2005) , facilitating tube elongation (Figure 3) . By the final stage of oogenesis, the floor of the distal ''paddle'' is two cells wide, while that of the proximal ''stalk'' is only one cell wide (Dorman et al., 2004) , although the precise cellular changes involved in generating this distinctive shape remain unclear.
What physical forces drive these morphogenetic changes? One proposal is that myosin localization along the apical surface generates patterns of tension that drive tube formation. Apically localized myosin is elevated throughout the roof-cell domain, and two myosin cables outline the floor-cell domain where it contacts midline and roof cells. The hypothesis that such a pattern of tension could drive morphogenesis has support from computational modeling. Specifically, implementing a qualitatively similar pattern of tension in a vertex-based model results in the model tissue buckling and zippering up its floor cells to form a tube (Osterfield et al., 2013) . Interestingly, a similar process of myosinmediated zippering appears to drive neural tube closure in the chordate Ciona intestinalis (Hashimoto et al., 2015) .
Although computational simulations suggest that apical patterns of tension, and particularly the myosin cable along the floor-midline boundary, may be sufficient for driving tube formation in simulations, this hypothesis has not yet been tested directly in vivo. Furthermore, other types of experimental observations suggest alternative mechanisms, including roof-cell constriction and/or convergent extension (Dorman et al., 2004) , actin-cable formation along the roof-floor boundary controlled by Echinoid (Ed) expression (Laplante and Nilson, 2006) , and basal pulling. The latter two mechanisms are discussed further below.
Appendage tube elongation appears to be driven by forces at both the apical and basal surfaces. Tube elongation clearly requires the apical surfaces of the appendage cells to deconstrict or relax. This expansion occurs predominantly along the anterior-posterior axis (Peters and Berg, 2016b) and is controlled by the transcription factor Tramtrack69 (Boyle and Berg, 2009; French et al., 2003) . At the same time, the basal sides of the appendage cells crawl forward into the space between the stretch cells (the squamous layer of follicle cells that surrounds the nurse-cell cluster) and the extracellular matrix. Several lines of genetic evidence indicate that this basal crawling is likely required for tube elongation. Paxillin, which encodes a focal adhesion protein, is upregulated in appendage primordia and is required for normal tube elongation (Peters et al., 2013) . In addition, disrupting the endocytosis regulator Dynamin impairs tube elongation. Defects in the subcellular localization of integrins in Dynamin mutants, combined with the observation that both knockdown and overexpression of integrins result in shorter dorsal appendages, suggest that Dynamin-mediated integrin turnover on the basal surface is involved in tube elongation (Peters and Berg, 2016b) . Open questions include whether basal crawling plays any role in specifying appendage shape, and whether it might even drive appendage formation in the absence of patterned apical tension, as suggested by work in other species (Osterfield et al., 2015) . It is worth noting that the elongation of epithelial tubes via cell crawling occurs in other systems, including Drosophila trachea and mouse mammary ducts (Andrew and Ewald, 2010).
So far we have considered dorsal-appendage morphogenesis in terms of physical forces. How does force relate to the patterns of gene expression discussed earlier? The myosin cables bordering the floor and roof domains have been explained in part by the expression pattern of Ed (Laplante and Nilson, 2006) , a homophilic immunoglobulin-family cell-adhesion molecule that is an important component of adherens junctions (Harris and Tepass, 2010) . Contact between Ed-expressing and nonexpressing cells results in formation of the myosin cables in the follicular epithelium, as well as in other cell types Nilson, 2006, 2011; Wei et al., 2005) . Importantly, loss of Ed results in defective dorsal-appendage formation; however, since ed-mutant primordia can occasionally form tubes, it appears that redundant mechanisms, either for patterning the location of myosin cables or for forming appendages, must exist (Laplante and Nilson, 2006). Interestingly, myosin cables form at the boundaries between cells expressing different complements of a variety of other cell-surface molecules, including Crumbs (Rö per, 2012), Toll family receptors (Paré et al., 2014) , and E-cadherin (Wei et al., 2005) .
Although most work has focused on the initial tube-forming process, some candidate genes have emerged as regulators of the apical relaxation of roof cells during tube extension. These candidates, which include Paxillin and Dynamin, were identified by screening for genes that are misexpressed in a tramtrack twinpeaks genetic background (Peters et al., 2013 ).
More generally, several dozen other genes are implicated in regulating some aspect of eggshell morphogenesis, based on their expression patterns in the follicular epithelium (Jordan et al., 2005; Yakoby et al., 2008a) . We expect that future studies examining these candidates will shed further light on the mechanisms by which gene expression controls tissue shape.
Evolution Several decades ago, systematic studies by entomologists established that eggshells of different drosophilid species vary dramatically in the number, shape, and length of the respiratory appendages ( Figure 4A ) (Hinton, 1981; Patterson and Stone, 1952; Throckmorton, 1962) . For example, eggshells from the Sophophora subgenus of Drosophila (represented in Figure 4A by Drosophila melanogaster) generally have two appendages. In contrast, most species in the Drosophila subgenus produce eggshells with four appendages (for instance, see Drosophila funebris and Drosophila virilis in Figure 4A ). The Drosophila genus is paraphyletic; that is, the genus excludes some species that share a common ancestor. For example, members of the Zaprionus genus are more closely related to members of the Drosophila subgenus than any of these species are related to D. melanogaster, yet Zaprionus species are classified into a separate genus. Species from genera whose ancestry groups them with members of the Drosophila subgenus also generally produce eggshells with four appendages (for example, Zapronius sepsoides in Figure 4A ). However, from within this group of flies several species have arisen that generate only two appendages (e.g., Drosophila melanica and Zapronius davidi) or three respiratory appendages (e.g., Drosophila phalerata). Interestingly, the more distantly related drosophilid genera, Chymomyza and Scaptodrosophila, produce eggshells with larger numbers of appendages; furthermore, the appendage numbers vary within a species, and even among the eggs from a single female. Since key nodes in the phylogeny of drosophilids remain unresolved (van der Linde et al., 2010) , it is not yet clear which of these eggshell morphologies most closely resembles the ancestral type. Once the molecular mechanisms underlying appendage formation in D. melanogaster began to be identified, developmental biologists were attracted to the unexplained morphological diversity of drosophilid eggshells, particularly the question of appendage number. Since two appendages are formed in D. melanogaster due to the earlier patterning of two separate appendage primordia, early proposals assumed that species with different numbers of eggshell appendages would have a corresponding number of appendage primordia. It soon became apparent, however, that this assumption is not true ( Figure 4B ). Most notably, D. virilis, which has four eggshell appendages, has only two appendage primordia in the egg chamber, as indicated by both early MAPK signaling and by high levels of Br expression (James and Berg, 2003; Nakamura and Matsuno, 2003) . Similarly, some species with three appendages, such as Drosophila guttifera or Drosophila phalerata, initially have only one primordium (Kagesawa et al., 2008; Niepielko et al., 2011) .
If the number of primordia that are patterned does not dictate the number of appendages formed, then what does? In Drosophila species with two appendages, the dorsal-anterior boundary of each primordium is generally convex along its length, while in species with four appendages this boundary is generally composed of two convex regions separated by a concave region ( Figure 4B, top two panels) . Thus, one hypothesis is that the number of these convex regions or ''corners'' may dictate the number of appendages (Zartman et al., 2011) . How exactly the primordium shape might control appendage number is unclear. On one hand, a purely mechanical model could be imagined in which a two-lobed roof-cell domain might naturally form two buckles as the cells constrict. At the other end of the spectrum, one might imagine a patterning-driven model in which two distinct regions of leading roof or floor cells could be specified, for example by a peak in the gradient of expression in some gene. Such proposals have not been tested, but provide interesting future directions for both computational modeling and experimental approaches.
At first sight, one might expect appendage formation in the eggshells of different species to use the same morphogenetic processes (i.e., roof-cell constriction and convergent extension, floor-cell zippering, etc.), but in different geometries based on gene patterning. This reasoning is in fact the viewpoint motivating the previous paragraph. It has recently become clear, however, that even the morphogenetic processes used to generate a tube can vary between species. This variation can be seen in vertebrate neurulation, whereby the ''wrapping'' mechanism of primary neurulation and the ''cavitation'' mechanism of secondary neurulation are used to different degrees and implemented differently in different species (Lowery and Sive, 2004) .
Likewise, an examination of apical cell shapes in Scaptodrosophila pattersoni, which produces a large and variable number of dorsal appendages from a single appendage primordium ( Figure 4B ), reveals that this species generates appendages without the floor-floor zippering seen in D. melanogaster (Osterfield et al., 2015) . Instead, the floor cells undergo an extreme cellshape change involving the lengthening of alternate floor-floor edges ( Figure 4C) . Furthermore, the choice of edges to lengthen appears to involve an unexplained cell polarity mechanism that localizes Bazooka (Par3) to only one edge per cell. Roof-cell behavior, including both apical constriction and convergent extension, is similar to that seen in other species, but it is not obvious whether these processes would be sufficient to drive the formation of multiple, regularly spaced tubes. One proposed source for the physical force needed to drive appendage formation in this species is basal crawling; in other words, the basal pulling thought to drive appendage elongation in D. melanogaster might be used earlier in S. pattersoni for appendage formation (Osterfield et al., 2015) .
One particularly interesting study involving cross-species comparisons of eggshells involves not the dorsal appendages but the dorsal ridge, a dorsal midline structure that is missing from D. melanogaster eggs but is found in a variety of other species (e.g., Chymomyza procnemis in Figure 4A ). Species with a dorsal ridge exhibit an unusual staining pattern at stage 10 for diphosphorylated ERK (dpERK), a marker for EGFR signaling. In many species dpERK is confined to the dorsal-anterior region, where the midline and appendage cell types will be specified, but in species with a dorsal ridge, dpERK extends more posteriorly, along the dorsal midline (Niepielko and Yakoby, 2014) . The dorsal midline is located over the path the nucleus would be expected to traverse as it moves from the posterior of the oocyte, during early oogenesis, to the dorsal anterior, where it resides in mid and late oogenesis. Therefore, one hypothesis is that the dpERK signal on the dorsal midline is due to Grk released from (C) The tracings in these panels show apical outlines of S. pattersoni follicle cells; samples are developmentally ordered from top to bottom. In this species, a single appendage primordium is transformed into multiple dorsal appendages, not by the formation of new floor-floor boundaries, but rather by changes in floor-cell shape. Dorsal view. Color coding as in Figure 1 : blue is roof, red is floor, yellow is midline (operculum), and gray is body. Parts of (B) and (C) are adapted from Osterfield et al. (2015) . the oocyte as the grk-containing ribonucleoprotein complexes move with the nucleus along this path. Indeed, grk knockdown by RNAi inhibits dorsal ridge formation in Drosophila willistoni, a species that normally produces this structure. Strikingly, expressing the D. willistoni Grk protein (wGRK) in D. melanogaster not only rescues a grk mutant but can also cause the formation of a partial dorsal ridge (Niepielko and Yakoby, 2014) . These exciting findings raise the question of how differences in Grk between D. willistoni and D. melanogaster control this aspect of morphology; possibilities may include differences in signal strength, or in ligand anchoring or stability (Niepielko and Yakoby, 2014) . This observation also raises very interesting questions about the early follicular patterning summarized in Figure 2 . Are Midline and H15 patterned differently in response to wGrk? If not, how does wGrk overcome the later inhibition to patterning that these transcription factors normally seem to confer? More generally, what patterning mechanisms can allow for the formation of a dorsal ridge along the dorsal midline without simultaneously preventing the splitting of the appendage-forming primordium into two distinct domains? These and other intriguing questions reveal the need for continued investigation of these evolutionary developmental processes.
Computational Modeling of Pattern Formation and Morphogenesis
One outstanding feature of this model system is that quantitative models have been developed to study nearly every step of dorsal-appendage formation. These models describe the formation of the Grk and Dpp patterning gradients, their transcriptional interpretation by gene-regulatory networks, and subsequent epithelial morphogenesis. Each of these models has a distinct mathematical structure and addresses a specific set of observations and questions.
Models of the Grk and Dpp gradients are based on reactiondiffusion partial differential equations (PDEs), with the main variables corresponding to the spatial distributions of secreted ligands and their complexes with cell-surface receptors (Goentoro et al., 2006; Lembong et al., 2008) . These models can readily explain how the distributions of inductive signals are affected by changes in the levels of ligand production or changes in the expression patterns of surface receptors. In addition to describing the Grk and Dpp gradients in D. melanogaster, these models have facilitated mechanistic interpretation of quantitative changes in the spatial patterns of Grk and Dpp observed in related fly species (Niepielko et al., 2012; Zartman et al., 2011) . For instance, within the framework of reaction-diffusion models, a dramatically elongated pattern of Grk observed in D. willistoni can be explained by quantitative changes in the diffusion and endocytic uptake rates of secreted Grk (Niepielko and Yakoby, 2014) .
Solutions of these PDE-based models describing the Grk and Dpp signals have in turn been used as inputs to quantitative models of gene expression. In these models, each follicle cell is equipped with the same regulatory network but senses a different Grk or Dpp input depending on the position of the cell. These models implement a switch-like regulation of gene expression, and many of the key parameters in these models correspond to the threshold concentration at which a given transcription factor regulates one of its downstream targets. The first of these models demonstrated that a feedforward loop in the EGFR pathway ( Figure 2C ) is largely sufficient for Br patterning, and furthermore integrated the effects of Dpp signaling ( Figure 2D ) (Lembong et al., 2009) . One subsequent version extended this model to a two-dimensional description of patterning and demonstrated that incorporating an early prepatterning event by Grk (Figure 2A ) could account for several additional mutant phenotypes (Zartman et al., 2011) . Another extension incorporated additional important molecular features, including the role of two enhancers, in the primary feedforward loop regulating br ( Figure 2C ) (Cheung et al., 2013) .
These computational models of patterning have not only been useful in testing the feasibility of proposed mechanisms of gene regulation but have also generated ideas that remain to be tested. For example, based on results from the two-dimensional model, the authors proposed that changes in negative feedback regulators such as Sprouty might account for different shapes of appendage primordia in different species (Zartman et al., 2011) . Direct tests of this and related predictions could include crossspecies analysis of enhancers of br and its regulators. In addition, a model for the regulation of rhomboid expression suggests a relatively simple gene-regulatory network that could explain key features of the floor-cell domain; namely, that it is one cell wide and is located just anterior to the roof domain in every mutant yet examined (Simakov et al., 2012) . This model is speculative, requiring the action of one as yet unidentified gene, but still makes testable predictions; for example, it predicts that br should be initially expressed in all appendage cell types before downregulation in the floor cells.
Morphogenesis of the dorsal appendages has also been analyzed computationally, specifically using vertex models. In these models cells are represented as polygons, and an energy function is assigned to the model epithelium based on cell geometry. Free parameters correspond to cellular properties (i.e., edge tension), and are assigned in a spatial pattern to reflect the proposed pattern of cellular properties (Fletcher et al., 2014) . One form of vertex model, using a two-dimensional network of polygons that is free to move in three dimensions, showed that patterns of tensions within the apical surface of the follicular epithelium may be sufficient to explain the tissue buckling and cell-neighbor rearrangements seen during dorsalappendage formation (Osterfield et al., 2013) . Interestingly, this computational model requires a non-uniform pattern of tension along the floor-midline boundary, with a peak at the site of floor-floor zippering. The floor-midline boundary does exhibit a peak of myosin at this location (Osterfield et al., 2013) , and a combination of laser ablation and genetic mosaic techniques have shown that the neighboring population of ''leading'' roof cells, which form the distal tip of the appendage roof, are specifically required for normal appendage formation (Boyle et al., 2010) . However, experiments directly testing the role of myosin peaks in dorsal-appendage formation, in D. melanogaster or any other species, have not been reported and remain an important test of this model.
Comparison with Other Systems
The developmental processes underlying Drosophila eggshell patterning and morphogenesis exhibit many similarities with those found in other tissues. As a result, the techniques developed for and insights derived from this system should be applicable to a host of other systems. Dorsal-appendage formation ( Figure 5A ) occurs through a type of tubulogenesis termed ''wrapping'' (Lubarsky and Krasnow, 2003) . During wrapping, part of an epithelial sheet bends and seals itself off from the rest of the sheet, forming a tube parallel to the original epithelial sheet ( Figure 5B ). Two other highly studied wrapping processes, ventral furrow formation in Drosophila ( Figure 5C ) (Sweeton et al., 1991) and primary neurulation in vertebrates ( Figure 5D ) (Massarwa et al., 2014) , have much in common with dorsal-appendage formation. Patterning in both systems begins with morphogen gradients (BMP and Toll pathway in the fly; BMP and Wnt in vertebrates) that are translated into a stereotyped spatial array of different cell types through complex gene-regulatory networks (Betancur et al., 2010; Groves and LaBonne, 2014; Reeves and Stathopoulos, 2009 ). This patterning specifies the cells that will form the bulk of the tube (blue in Figures 5C and 5D ), as well as a distinct cell type along the seam where the tube separates from its parental sheet (red in Figures 5C and 5D ). Morphogenesis in both systems is largely driven by apically localized myosin, which modulates actin and adhesive junctions and enables closure of the tube (Colas and Schoenwolf, 2001; Dietz et al., 2006; Haigo et al., 2003; Hildebrand and Soriano, 1999; Martin et al., 2010; Nishimura and Takeichi, 2008) . Although few to no cell rearrangements occur during ventral furrow formation, convergent extension, driven by canonical planar cell polarity proteins, is required for proper neural tube closure (Massarwa et al., 2014) . It is currently unknown whether any type of planar polarity is important for dorsal-appendage formation or extension, but it may be informative to compare how these two systems coordinate cell rearrangements with tissue bending.
More generally, it may be interesting to compare dorsalappendage elongation with other tissue-elongation processes. Dorsal-appendage elongation involves a combination of biased apical expansion, filopodia-associated basal pulling, and cell-neighbor exchanges. In contrast, germband extension in Drosophila, a major model for elongation, is caused mostly by cell rearrangements, which are in turn driven by planar-polarized myosin along the apical surface (Blankenship et al., 2006) . At the other extreme, ascidian notochord elongation involves cell-shape changes and intercalation that are driven by basal crawling (Munro and Odell, 2002) . There are also other elongation processes, however, that appear to involve multiple cellular mechanisms. For example, in Drosophila leg-disc elongation ( Figure 5E ), myosin is required for the cell-shape changes and rearrangements that help transform the single-layered disc epithelium into an elongated tube (Condic et al., 1991; Edwards and Kiehart, 1996; Fristrom and Fristrom, 1993; Taylor and Adler, 2008) , but additional mechanisms, including cell division, tissue spreading, and invasion, may also contribute to shaping the tissue (Fristrom and Chihara, 1978; Pastor-Pareja et al., 2004; Taylor and Adler, 2008) .
Conclusion
Significant progress has been made toward understanding the patterning and morphogenesis underlying Drosophila eggshell formation, while opening up new questions. Recent studies highlight how examining differences between species can reveal surprises that may help deepen our understanding of basic developmental mechanisms. Future work in this system should yield further insight not only into developmental processes but also into the mechanisms underpinning morphological change across evolution.
